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The behavior of the 5-day and 16-day waves in the mesopause region is examined by using a general circulation
model. The results are as follows. The 5-day wave is largely unaffected by the zonal mean zonal wind distribution,
and the symmetric structure about the equator is clearly seen in the mesopause region. The amplitude of the 16-day
wave in the summer hemisphere of the stratosphere is small. However, above the upper mesosphere, the 16-day
wave appears not only in the winter hemisphere but also in the summer hemisphere. The penetration of the 16-day
wave from the winter hemisphere to the summer hemisphere occurs near the mesopause region. The 16-day wave
is mainly excited by heating due to the moist convection in the troposphere, and the vertical penetration into the
middle atmosphere occurs. Furthermore, a correlation between the geomagnetic variation and the wind variation
associated with the 5-day and 16-day waves is discussed.
1. Introduction
It is well known that long period oscillations (an order
of 100–101 days) appear in the mesopause region. By us-
ing radar observation at Alaska, Williams and Avery (1992)
showed that wind oscillations with about 2, 5 and 16 days
periods appeared in the upper mesosphere and lower ther-
mosphere. Espy andWitt (1996) showed that a quasi 16-day
oscillation had large amplitude in the summer season of the
mesopause region.
By using UARS/HRDI data, Wu et al. (1994) investigated
the global structure of the 5-day wave ((s, n − s) = (1, 1)
mode of the normal mode Rossby waves; s is the zonal
wavenumber, and n is the meridional index number such
that n − s − 1 is the number of nodes between the poles)
in the mesopause region. They showed that the observed
structure of the 5-day wave was similar to the structure of
the theoretically expected normal mode Rossby waves. The
amplitude of the zonal wind component of the 5-day wave is
10–25 ms−1 in the mesopause region. However, the relation
of the stratospheric 5-day wave and the 5-day wave in the
mesopause region is unclear.
Only few studies about the global structure of the 16-day
wave ((1, 3) mode) in the mesopause region have been re-
ported. Forbes et al. (1995) investigated behaviors of the
16-day wave in the summer hemisphere of the mesopause
region by using a GSWM (global scale wave model). They
showed that the 16-day wave appeared in high-latitude sum-
mer hemisphere. However, seasonal variation and global
structure of the 16-day wave in the mesopause region, and
its relation to the stratospheric 16-day wave are not clear.
In this study, we investigate the behavior of the 5-day and
16-day waves in the mesopause region simulated by a GCM
(general circulation model). The purpose of this study is to
investigate seasonal variation and global structure of the 5-
Copy right c© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
day and 16-day waves, and their relation to the stratospheric
5-day and 16-day waves. Excitation sources of normal mode
Rossby waves in the lower atmosphere are also unclear. We
also investigate excitation sources of the 16-day wave by a
series of GCM experiments.
Forbes and Leveroni (1992) and Kohsiek et al. (1995) sug-
gested that the geomagnetic oscillation with a 16 days period
might be induced by the wind variation associated with the
16-day wave. We discuss a possibility that the 5-day and
16-day waves in the lower thermosphere induce the geomag-
netic oscillation. The description of a GCM is presented in
Section 2. Results and discussion are presented in Sections 3
and 4, respectively. Summary follows in Section 5.
2. Model Descriptions
In this study, a GCM developed at Kyushu University is
used. TheGCM is a global spectral model with the triangular
truncation at wavenumber 21 in the horizontal direction. The
GCM has 55 vertical levels and contains the region from the
ground to about 150 km height. The detailed descriptions
of the GCM are found in Miyahara and Miyoshi (1997),
Miyahara and Ooishi (1997), so the description of the GCM
is briefly mentioned here.
The GCM has a full set of physical processes, such as
radiation, a boundary layer, hydrology, moist and dry con-
vection, and vertical eddy diffusion. In the middle atmo-
sphere, Strobel’s parameterization (Strobel, 1978) is used
for the solar radiation by O3 and O2, while Fomichev’s pa-
rameterization (Fomichev et al., 1985, 1993) is used for the
long wave radiation by O3 and CO2. In the lower thermo-
sphere, the long wave radiation by NO is also parameterized
by Kockarts’s method (Kockarts, 1980). The distributions of
O3, O2, CO2 and NO are climatologically prescribed. In the
uppermesosphere and lower thermosphere, the density of the
atmosphere becomes extremely low, so the diffusion of mo-
mentum and heat due to the molecular viscosity and conduc-
tivity is introduced. Furthermore, the momentum exchange
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Fig. 1(a). Latitude-frequency distribution of the spectral analysis of geopotential height at 100 km height for s = 1. Contour values are 10, 20, 40, 80 and
160 m.
Fig. 1(b). Latitude-frequency distribution of the coherence squared of s = 1 at 100 km for the same season as that in Fig. 1(a). The reference latitude is
60◦N. Contour values are 0.6 and 0.8. Shading region denotes greater than 0.7.
between the neutral atmosphere and the ionized atmosphere
is also taken into account, because the density of the ionized
atmosphere is not negligible. In the mesosphere, a Rayleigh
friction to weaken the zonal mean zonal wind is introduced
for a crude approximation of the gravity wave drag.
The data is sampled every 6 hours for 12 months. To
extract westward moving components of s = 1, the Fourier
transform based onHayashi (1971) is performed. Next, a nu-
merical band-pass filter by Ormsby (Ormsby, 1961) is used
to separate the dominant frequency components. A west-
ward moving component of s = 1 with a period from 4.4 to
6.0 days is extracted for the 5-day wave, while a westward
moving component of s = 1 with a period from 12.0 to 24.0
days is extracted for the 16-day wave. The observed range of
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Fig. 3. (a) Time series of latitudinal phase difference between 41.5◦N and
41.5◦S. Units are degrees. (b) Amplitude of the 5-day wave at 41.5◦N for
the four predominant periods in Fig. 2(a). (c) Vertical phase difference
between 1 hPa and other levels at 41.5◦N for the same periods as in (b).
in the winter hemisphere (e.g., case B in Fig. 2). On the other
hand, in the stratosphere, the amplitude in the summer hemi-
sphere is smaller than that in the winter hemisphere. The
growth rate of the amplitude in the mesosphere is somewhat
Fig. 4. Time-latitude section of the zonal wind component of the 5-day
wave at 100 km height. Contour interval is 4 ms−1.
larger in the summer hemisphere than in the winter hemi-
sphere. Figure 3(c) shows relative vertical phase differences
during the predominant periods of the 5-day wave. There
is a small westward phase tilt with height. Thus, the ver-
tical and horizontal structure of the simulated 5-day wave
is similar to that of the theoretically expected normal mode
Rossby waves. Figure 4 shows a time-latitude section of
the amplitude of the zonal wind component due to the 5-day
wave at 100 km height. The peak amplitude in the zonal
component ranges between 10 and 18 ms−1. This value is
in good agreement with the UARS observations (e.g., Wu et
al., 1994). Thus, the 5-day wave with a lifetime of 20 to 40
days is clearly seen throughout the middle atmosphere. The
enhancement of the 5-day wave in the upper mesosphere and
lower thermosphere occurs simultaneously with that in the
stratosphere.
3.2 The 16-day wave
In this subsection, the behavior of the 16-daywave is inves-
tigated. Figures 5(a) and 5(b) show a time-latitude section
of the amplitude of the 16-day wave at 25 km and 50 km
height. In the lower stratosphere, although the amplitude
of the 16-day wave in the summer hemisphere is small, the
16-day wave with a lifetime of 1–2 months appears through-
out the year. On the other hand, in the winter hemisphere
of the upper stratosphere, the asymmetry of the amplitude
becomes large because of the asymmetry of the zonal mean
zonal wind in the stratosphere. These features are consistent
with the observation (Hirooka and Hirota, 1984).
Figure 5 shows a time-latitude section of the amplitude
of the 16-day wave in the upper mesosphere and lower ther-
mosphere. Above the upper mesosphere, the 16-day wave
appears not only in the winter hemisphere but also in the
summer hemisphere. Figure 6 shows time variation of the
latitudinally averaged amplitude of the 16-day wave in the
stratosphere, mesosphere and lower thermosphere. The en-
hancement of the latitudinally averaged amplitude in the up-
per mesosphere and lower thermosphere occurs when the
amplitude in the stratosphere becomes large.
Next, a detailed analysis of the 16-daywave in the equinoc-
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Fig. 5. (a) Time-latitude section of the amplitude of the 16-day wave at 25
km height. Contour interval is 15 m. (b) As in (a), but for 50 km height.
Contour interval is 100 m. (c) As in (a), but for 75 km height. Contour
interval is 50 m. (d) As in (a), but for 100 km height. Contour interval is
25 m. (e) As in (a), but for 120 km height. Contour interval is 25 m.
tial season is performed. Figure 7(a) shows a latitude-height
section of the amplitude of the 16-day wave averaged from
April 1 to April 10. The maximum amplitude is 320 m in the
northern hemisphere and 120 m in the southern hemisphere,
which appears near the mesopause. Figure 7(b) shows the
distribution of zonal mean zonal wind during the same pe-
riod, and Fig. 7(c) shows the refractive index for the 16-day
wave (e.g., Matsuno, 1970). The strong easterly does not
exist, and the positive region of the refractive index spreads
over both the hemispheres of the middle atmosphere except
for low latitudes and polar regions. This positive region
of the refractive index indicates that the 16-day wave can
have global structure throughout the middle atmosphere. In
the equinoctial season, the vertical penetration of the 16-day
wave occurs in both the hemispheres.
The behavior of the 16-day wave in the summer season of
the northern hemisphere is examined. Figure 8(a) shows a
latitude-height section of the amplitude of the 16-day wave
averaged from August 1 to August 10. In the summer hemi-
sphere of the stratosphere and mesosphere, the amplitude of
the 16-day wave is very small. However, near the mesopause
Fig. 5. (continued).
region, the amplitude in the summer hemisphere increases
with height, and the 16-day wave has global structure. Fig-
ure 8(b) shows the distribution of zonal mean zonal wind
during the same period. The easterly and westerly jets in the
mesosphere decrease with height, and the weak zonal wind
region exists in the mesopause region. This feature are in
good agreement with the observation. However, in the lower
thermosphere, the reversal of the zonal wind is unclear. The
westerly in the summer hemisphere and the easterly in the
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Fig. 6. Time series of the latitudinally averaged amplitude of the 16-day
wave at 50 (solid line), 75 (broken line) and 100 (dotted line) km height.
Units are m.
winter hemisphere is not clearly seen. This is not consistent
with the observation (e.g., CIRA, 1986). This discrepancy
is considered to be due to the weak gravity drag in the GCM
because of the low horizontal resolution of the GCM. The
16-day wave is sensitive to the zonal wind variation, so the
discrepancy of the zonal wind above the lower thermosphere
may affect the amplitude of the 16-day wave in the lower
thermosphere.
However, the weak wind region near the mesopause is ob-
tained, so we discuss the behavior of the 16-day wave near
the mesopause region. Figure 8(c) shows the refractive in-
dex for the 16-day wave in early August. In the mesosphere,
the refractive index in the summer hemisphere is negative
because of the strong easterly, and the positive region ap-
pears in the winter hemisphere. On the other hand, near the
mesopause region, the positive region spreads over at all lat-
itudes. This result indicate that the 16-day wave can have
global structure in the mesopause region. The 16-day wave
in the winter hemisphere of the stratosphere and mesosphere
has large amplitude. These results indicate that the pene-
tration of the 16-day wave from the winter hemisphere into
the summer hemisphere occurs near the mesopause region.
Forbes et al. (1995) showed that the 16-day wave penetration
into the summer hemisphere was sensitive to the mean zonal
wind distribution above about 80 km height. Thus, we may
need further studies to investigate the behavior of the 16-day
wave in the mesopause region under the more realistic zonal
wind distribution.
The amplitude of the lower thermosphere in August is 60–
80m in the northern hemisphere, and 100–160m in the south-
ern hemisphere. Above 100 km height, the 16-day wave has
global structure, although the negative region spreads over
the northern hemisphere (Fig. 8(c)). Effects of the vertical
diffusion due to the molecular viscosity become large above
100 km height, so that the refractive index may not be good
indicator for wave activity above 100 km height.
3.3 Excitation sources of the 16-day wave
Though the 5-day and 16-day waves are free oscillation
modes of the atmosphere, some excitation sources for the
5-day and 16-day waves are required to overcome the dissi-
pation processes in the atmosphere. As for excitation sources
of the 5-day wave, Miyoshi and Hirooka (1999) shows that
Fig. 7. (a) Latitude-height section of the amplitude of the 16-day wave
averaged from April 1 to April 10. Contour interval is 20 m. (b) As in
(a), but for the zonalmean zonal wind. Contour interval is 20ms−1. Solid
and broken lines represent westerly and easterly, respectively. (c) As in
(a), but for the refractive index for the 16-day wave. Contour interval is
10. Negative values are shaded.
the heating process due to the moist convection in the tropo-
sphere is important for excitation of the 5-day wave. They
also indicate that effects of mountains and land-sea contrast
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Fig. 8. (a) Latitude-height section of the amplitude of the 16-day wave
averaged fromAugust 1 to August 10. Contour interval of thick lines and
thin lines is 100 and 20 m, respectively. (b) As in (a), but for the zonal
mean zonal wind. Contour interval is 20 ms−1. Solid and broken lines
represent westerly and easterly, respectively. (c) As in (a), but for the
refractive index for the 16-day wave. Contour interval is 10. Negative
values are shaded.
on excitation of the 5-day wave are not essential. In this sub-
section, we investigate excitation sources of the 16-day wave
in the troposphere. Effects of mountains, land-sea contrast
andmoist convection on excitation of the 16-daywave are in-
vestigated by a series of GCM experiments, which is similar
to Miyoshi and Hirooka (1999). Namely, GCM experiments
without mountains, with uniform lower boundary and with
the dry atmosphere are performed. Model design is summa-
rized in Table 1. To exclude effects of seasonal variation, the
season is fixed at equinox condition in all the experiments.
By comparing the magnitude of the 16-day wave in these
experiments, excitation sources will be made clear.
EXP-1 in Table 1 is the control experiment, and is the
same as the experiment described in the previous sections
except for seasonal variation. The amplitude of the 16-day
wave at 20 km height in the control experiment is 30–75 m
(Fig. 9(a)). Figure 9(b) is the amplitude of the 16-day wave
in the experiment without mountains (EXP-2 in Table 1). In
EXP-2, effects of land-sea contrast and the moist convection
are taken into account. The amplitude in EXP-2 is 30–90 m.
The 16-day wave is clearly seen in no mountains case, and
the amplitude of the 16-day wave with no mountains case
is similar to that in the control experiment. Hayashi and
Golder (1984) investigated transient Rossby waves in the
troposphericGFDLGCMwith andwithoutmountains. They
showed that the 16-day wave appeared in the experiment
without mountains. Their result is consistent with our result.
Figure 9(c) shows the amplitude of the 16-day wave in the
experiment with uniform lower boundary (EXP-3). In this
experiment, the ground surface is assumed to be covered by
swampocean everywhere. The amplitude of the 16-daywave
is 30–75 m. The amplitude during days 90–270 is somewhat
smaller than that in the control experiment. Thus, the am-
plitude of the 16-day wave is affected by effects of land-sea
contrast. However, the 16-day wave has considerable ampli-
tude in the uniform boundary case.
Figure 9(d) shows the amplitude of the 16-day wave in
the experiment without the moist convection (EXP-4). In
this experiment, the mixing ratio of water vapor in the atmo-
sphere is assumed to be 0. The ground surface is assumed
to be uniform and dry everywhere. The amplitude of the 16-
day wave is 5–15 m, which is much smaller than that in the
other experiments (EXP-1, 2, 3). These results indicate that
heating due to the moist convection is the most important
forcing for the 16-day wave. Effects of land-sea contrast are
not negligible, but are not essential. Thus, the 16-day wave
is mainly excited by the moist convection, and the vertical
penetration of the 16-day wave into the mesosphere occurs.
4. Discussion
In this section, we discuss the wind variation associated
with normal mode Rossby waves, and its relation to the ge-
omagnetic variation. Forbes and Leveroni (1992) suggested
that upward penetration of normalmodeRossbywaveswhich
is excited in the lower atmosphere, occurred and induced the
geomagnetic variation. They showed that a 16-day oscilla-
tion of order 10 ms−1 at 100–150 km height was required
to explain the observed geomagnetic variation with a 16-day
period.
Figure 10 shows a time-latitude section of the zonal wind
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Fig. 10. (a) Time latitude section of the zonal wind component of the 16-day
wave at 100 km height in the control experiment. Contour interval is
2 ms−1. (b) As in (a), but for 120 km height.
variation in the lower thermosphere simulated by the Kyushu
University GCM. Thus, our results suggest that the observed
geomagnetic variation is partly induced by the 16-day wave
excited in the troposphere. In our experiment, the zonal
mean zonal wind distribution in the lower thermosphere of
the solstitial season is not realistic, so that this discrepancy
may affect the 16-day wave amplitude in the lower thermo-
sphere. We need further numerical experiments by using
more realistic zonal wind distribution.
As shown in Fig. 4, the zonal wind component of the 5-day
wave at 100 km height is 10–18 ms−1, which is larger than
that of the 16-day wave. The zonal wind component of the
5-day wave at 120 km height is about 10 ms−1. In figure 2 of
Forbes and Leveroni (1992), the geomagnetic variation with
about a 5-day period also appears. Thus, these results suggest
that the zonal wind variation due to the 5-day wave, which
is excited in the troposphere, may induce the geomagnetic
variation with a 5 day period.
We showed that the 16-day wave was excited mainly by
heating due to the moist convection. Miyoshi and Hirooka
(1999) showed that the 5-day wave was also excited by the
moist convection. The penetration of the 5-day and 16-day
waves into the lower thermosphere occurred. Based on these
results, it is suggested that there may be the correlation be-
tween the moist convective activity in the troposphere and
the geomagnetic variability in the thermosphere. However,
we need further observational and numerical studies to in-
vestigate this relation. This will be a subject of the future
study.
5. Summary
In this study, we investigated excitation of the 5-day wave
by a series of GCM experiments. The results are as follows:
(1) The 5-day wave is largely unaffected by the zonal mean
zonal wind distribution and the symmetric structure
about the equator is clearly seen in the mesopause
region. The enhancement of the 5-day wave in the
mesopause region occurs simultaneously with that in
the stratosphere.
(2) The amplitude of the 16-day wave is large in the winter
hemisphere of the stratosphere and lower mesosphere.
On the other hand, above the upper mesosphere, the 16-
day wave appears not only in the winter hemisphere but
also in the summer hemisphere. The penetration of the
16-day wave from the winter hemisphere to the summer
hemisphere occurs near the mesopause region.
(3) The 16-day wave is mainly excited by heating due to
the moist convection in the troposphere.
(4) We suggest that there is a correlation between the geo-
magnetic variation and the wind variation due to normal
mode Rossby waves.
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